We report what is, to the best of our knowledge, the first demonstration of an edge-emitting photonic crystal nanocavity laser that is integrated with a photonic crystal waveguide. This demonstration is achieved with a double-heterostructure photonic crystal nanocavity incorporating an InAs quantum dot active region. © 2007 Optical Society of America OCIS codes: 230.3990, 250.5300. Nanocavities and waveguides based on photonic crystal structures are promising building blocks for highdensity photonic integrated circuits. All previously reported photonic crystal nanocavity lasers, however, are surface emitting. [1] [2] [3] [4] [5] This is undesirable for monolithic integration with other photonic components in planar lightwave circuits. In addition, without further engineering, these surface-emitting photonic crystal lasers do not provide a single narrow-lobed far field. 6 This results in very low collection efficiencies by fiber. Enhanced collection efficiencies from coupled photonic crystal cavities have been demonstrated but with much larger cavity sizes and mode volumes.
Nanocavities and waveguides based on photonic crystal structures are promising building blocks for highdensity photonic integrated circuits. All previously reported photonic crystal nanocavity lasers, however, are surface emitting. [1] [2] [3] [4] [5] This is undesirable for monolithic integration with other photonic components in planar lightwave circuits. In addition, without further engineering, these surface-emitting photonic crystal lasers do not provide a single narrow-lobed far field. 6 This results in very low collection efficiencies by fiber. Enhanced collection efficiencies from coupled photonic crystal cavities have been demonstrated but with much larger cavity sizes and mode volumes. 7 Distributed feedback lasers lasing at a photonic crystal waveguide mode's band edge are potentially high-efficiency edge-emitting lasers but also with much larger cavity sizes and mode volumes. 8 In this Letter, we report what is, to the best of our knowledge, the first proposal and demonstration of an edge-emitting photonic crystal nanocavity laser that is prospective to have all of the benefits of a small mode volume, a high quality factor ͑Q͒, easy monolithic integration, and a high collection efficiency. We also demonstrate butt coupling of this laser's edge emission into an integrated photonic crystal waveguide.
The laser cavity is formed by a photonic crystal double heterostructure. As in Fig. 1 , it consists of several segments of single-line-defect photonic crystal waveguides in triangular lattices. The band-edge frequency of the fundamental waveguide mode is lowered at the cavity by having a larger lattice constant than its surroundings. This forms a well that can trap photons at appropriate frequencies. Song et al. 9 reported extremely high passive Q values and quite small mode volumes for such cavities in silicon. The devices reported here were fabricated in a 220 nm thick GaAs membrane that is embedded with five layers of InAs quantum dots (QDs) as the active material. The QD density per layer is 2 ϫ 10 10 cm −2 . The details of the sample growth and fabrication are similar to that found in Ref. 5 . Figure 1 shows a scanning electron micrograph of one device. The doubleheterostructure cavity has a lattice constant, a, of 343 nm in the cavity and 335 nm in the mirrors. The photonic crystal hole radius, r, is ϳ0.3a everywhere. The length of the cavity is 2a, the length of the mirror on one side is 13a, and the length of the mirror on the other side is 9a. An output waveguide is butt coupled to the mirror with the fewer number of periods. This waveguide has a = 351 nm to position the lasing wavelength within the low-transmission-loss wavelength range of the waveguide. No effort has been made at this stage to optimize this coupling. The mirror coupled to the output waveguide is inten- tionally made four periods shorter than the mirror on the other side of the cavity in order to have significantly more laser edge emission coupled into the output waveguide than leaking out from the facet of the other mirror. A numerical calculation of the Q values for double-heterostructure cavities with various mirror lengths indicates that, for a similar device without the output waveguide, more than 80% of the total laser power is emitted from the facet of the 9a long mirror. This occurs while maintaining a Q value of 10 5 . The Q values were obtained from the finitedifference time domain (FDTD) calculation and Padé interpolation of the resonance linewidths. The edgeemission efficiency of the experimental device will largely depend upon the coupling junction design, absorption in the active material, and the fabrication quality. A half-ring scattering structure is placed close to the facet of the output waveguide to facilitate the collection of light in our experiment.
The devices were optically pumped with a semiconductor laser diode at 850 nm wavelength. The pump beam was focused by a microscope objective to a spot size of 1 -1.5 m and was normally incident onto the sample. Luminescence light vertically scattered out of the devices was collected by the same microscope objective and focused into a multimode fiber. Figure 2 shows the lasing spectrum. The square data points in Fig. 3 show the output power versus the incident pump power characteristic under the pumping conditions of 16 ns pulse widths and a 1% duty cycle. The threshold peak pump power absorbed by the cavity is estimated to be 12 W.
The output power versus the incident pump power characteristic was also measured with different pump spot positions, as shown in Fig. 3 . We confirmed that all the curves in Fig. 3 are from the same lasing mode and their spectra are shown in the inset. At the same collected output lasing powers, there is no noticeable change of the spectra at 0.1 nm resolution. This indicates similar temperatures at the cavity with different pump spot positions and pump powers. 10 Carrier diffusion along the line defect in the double heterostructure enables lasing at room temperature while the pump spot is as far as 3 m away from the cavity. This can be beneficial when an accurate alignment between the injection spot and the laser cavity is difficult. As an aside, we have found that this tolerance is much smaller in similar cavities containing quantum well active regions. Reducing surface recombination is expected to further improve carrier diffusion. Selective growth of quan- Fig. 1 with different pump spot positions. The circles in the SEM indicate the pump spot's positions and approximate size. The solid, dashed, and dotted circles correspond to the square, circular, and triangular output power versus incident pump power characteristics, respectively. Pumping conditions are 16 ns pulse widths at a 1% duty cycle. Inset, spectra of the lasing mode taken with 0.1 nm resolution bandwidth. The solid spectra curve was taken with a 0.6 mW peak pump power and with the pump spot at the solid circle; the dotted spectra curve was taken with a 6.25 mW peak pump power and with the pump spot at the dotted circle.
tum dots only at the cavity will also increase injection efficiency and improve carrier diffusion. 11 To investigate this laser's edge emission and butt coupling to the output waveguide, we mounted the sample at the object plane of a lens system and scanned a single-mode fiber in the image plane along the direction of the line defect to obtain an intensityversus-position profile, as in Fig. 4 . We have not been able to directly measure the edge emission due to the difficulty in cleaving these devices at the output waveguide facet. The three peaks in Fig. 4 correspond to the light scattering centers on the sample, which are, from left to right: the cavity, the mirroroutput waveguide junction, and the end of the output waveguide. This normal-to-surface scattering profile indicates that this laser has edge emission and part of the edge emission is coupled into the output waveguide. We did not observe any significant scattering from the facet of the mirror on the left side because the mirror on the left is four periods longer than the mirror on the right. The scattering at the mirroroutput waveguide junction should be due to the large impedance mismatch between the cavity mode and the high group velocity output waveguide mode. This coupling can be improved with further engineering. An adiabatic junction may be the simplest solution. 12 In conclusion, we have demonstrated photonic crystal double-heterostructure nanocavity lasers with InAs QD active material and butt coupling of the edge emission from these lasers into the photonic crystal waveguides. Future work must be done to ensure that the coupling to the waveguide is the dominant optical loss of the double-heterostructure cavity mode. This includes removing the absorption of laser light at the mirrors and the waveguide by selective growth or intermixing techniques, determining the optimal length of the mirrors, and possibly engineering the mirror-waveguide junction. We believe that this edge-emitting nanocavity structure has the potential to be an important component in photonic crystal integrated circuits. It will be a good candidate for photon sources where small footprint, high quality factor, high collection efficiency, and a simple integration scheme are desired.
